Abstract-Current phones include more metal than earlier, which deteriorates the performance of antennas. This paper presents the first complete antenna set designed for a modern handset with a full metal back cover. 4G, Wi-Fi, and GPS antennas are integrated into the metallic side frame of the device in a realistic model. The designed antennas are either capacitive coupling elements with reactive loads or slot antennas. Fixed matching circuits are used to improve total efficiency. The passive implementation enables the use of carrier aggregation (CA) to increase the data rates, and includes also the multipleinput multiple-output (MIMO) operation for 4G and Wi-Fi. The designed antennas cover frequency bands 704-960 MHz, 1.56-1.61 GHz, 1.71-2.69 GHz, 2.4-2.484 GHz, and 5.15-5.875 GHz, producing in measurements a good agreement with simulation results.
INTRODUCTION
Modern smartphones have become the everyday tool used also in demanding conditions. Wireless networks have spread everywhere, so connection can be established in any environment. Therefore, mobility of people is not restricted by the performance of the devices anymore. Instead, mechanical strength is required from the device to protect itself and its subsystems from physical damage. Also, from industry-point-of-view, consumer products have to be visually appealing. A recent trend among phone manufacturers has been using metal covers in flagship models to improve both the robustness and aesthetics of the device. However, using highly conductive housing materials creates a challenge. Enclosing antennas with metallic structures prevents radiating and impedes establishing a communications link.
Problems caused by the increased amount of metal have been countered by new type of antennas that are integrated into the housing structure [1] [2] [3] [4] [5] [6] [7] . Previous studies have shown promising performance with different antenna configurations. The first solutions include only metallic side frame. Grounding the frame from few locations creates a dual-loop antenna [1, 2] , which excites several resonant modes. Loop antennas generally have been a popular choice as presented in [3] [4] [5] 9] . Also monopoles integrated into the rim have been in use [6, 7, 10] .
The next step from metal-rimmed phones is a metallic back cover. A larger volume of metal increases the size of the RF-ground, which restricts the antenna size and placement possibilities even more. To ensure good antenna performance, phone manufactures have cut slots into the back cover, as is seen in many commercial products, or proposed in, e.g., [11] [12] [13] [14] [15] [16] [17] . Slotless covers have been presented in [18, 19] , but they have large openings in the side rim for the antennas.
Another challenge for antennas comes from the current network standards. Smartphones must be able to operate on several frequency bands. Bands are wide, and covering all of them requires many antennas. Utilizing multiple-input multiple-output (MIMO) communications and carrier aggregation (CA) techniques to achieve higher data rates also increases the number of antennas. In mobile devices, the space available for antennas is very limited due to the compact physical dimensions and maximized size of a touchscreen. Altogether, these practical aspects make it more difficult to achieve good performance. One promising approach in multiantenna design is to use the theory of characteristic modes [8] .
This paper presents a multiband antenna system for a realistic smartphone with fully metallic back cover. Antennas cover LTE low band (LB, 704-960 MHz), LTE high band (HB, 1710-2690 MHz) and Wi-Fi (2.4 GHz, 5 GHz) bands with MIMO and CA capability. In addition, the design also supports GPS (1.575 GHz) operations. As far as we know, this is the first study presenting a complete antenna solution for a metal-covered handset. Although the designed antenna structures are well-known, the novelty here is the used antenna combination that fits inside a smartphone and provides decent performance. Figure 1 presents the main parts of the simulation model and the detail in the used model. Our design has fixed antenna structures and matching circuitries for all frequencies, slotless metallic back cover, metallic side frame, and realistic phone model with subsystems, which are generally not included in recent papers. Table 1 lists all antennas and their operational frequencies. Operational principle of the design is introduced in Section 2. Section 3 presents the proposed antenna solutions in detail with impedance matching results. The efficiency results and MIMO performance from simulations and measurements are presented in Section 4. Some conclusions are given Section 5.
DESIGN FRAMEWORK AND PRINCIPLES
This study aims to design a realistic structure, and hence we use a very accurate simulation model from the beginning. The model includes also many realistic details such as battery, USB-port, and front camera, as shown in Figure 1 . A plastic rim separates the back cover and side frame from each other. A large middle frame is in the center of the device modeling the touchscreen and other electronics of the phone, and it also acts as the RF-ground for the antennas together with the back cover. Similar realisticity of design model is earlier seen in [14, 15] . The size of the device is 151 × 75.8 × 7.63 mm 3 , which is roughly the same as that of, e.g., iPhone 7 Plus or Samsung Galaxy S7 edge's. Ground clearance between the middle frame and the side frame is 2.5 mm in the sides, and 10.2 or 7.8 mm in the ends. The key property of the model is the slotless metallic back cover, seen in Figure 2 The proposed antennas are of Capacitive Coupling Element (CCE) type [20, 21] , or slot antennas. CCEs are widely used at cellular frequencies due to their wide frequency band and robust performance. Slot antennas are appropriate for sides of the phone with only narrow 2.5 mm clearance for antennas [1, 3] . Each antenna has additional matching circuit to adjust the resonances to desired frequency bands and to enhance performance. Matching components in simulations are models of actual Murata inductors and capacitors (LQW18 and GQM18 series, respectively). Antenna structures are studied by conducting electromagnetic simulations in CST Microwave Studio [22] . Matching circuitry is created and optimized in Optenni Lab [23] . Table 1 lists all designed antennas and also their respective port numbers in the simulation model. Same port numbers are later used in this paper when presenting the performance of the antennas.
Since the simulation model consists of realistic shapes and details, the computing times of EMsimulations become very long. Therefore, antennas are designed and simulated in the first phase one by one to reduce simulation times. Low coupling between different frequencies allows this method, and all antenna elements and ports can be taken into account only in the last simulations when fine-tuning the dimensions of structures and matching component values.
Implementation of the antennas starts with the cellular antennas. One end of the device is reserved for the main antenna, and the other one for the diversity antenna. Figure 2 (b) shows the final positions of the antennas. First, we design the low band of the main antenna since lower frequencies are the most challenging and require the largest physical size. Second, a solution for the main HB is added. The main antenna structure has been the basis of the diversity antenna for MIMO capability. The last antennas to include are the GPS and Wi-Fi antennas operating at higher frequencies. They are located at the long sides of the device. For improved performance in the final design, LB and HB of the main antenna are separated to individual configurations such that HB is placed to the side rim and LB utilizes the end completely. Matching networks for each element are adjusted continuously when structural changes are made.
The aesthetic properties expected from a real device have been in the guideline and a restricting factor in the design process. For example, the width of all cuts in the metal rim is 1 mm in the sides and 2 mm in the ends. In addition, the slots are located as symmetrically as possible around the device, to keep in mind the visual appearance of a possible end-product. The continuous metal rim is required to go around the device, which has determined the antenna structures.
Three-element Antennas in the Ends of the Phone
Main and diversity antennas are based on the closely located antenna elements [24] that couple strongly to each other and the ground plane, which improves impedance matching [24, 25] . However, mutual coupling between ports decreases efficiencies. The negative effects of large mutual coupling are countered with careful matching circuit design in the final solutions.
Matching circuit design is done by defining pass-and stop-bands for each port in Optenni Lab. This way the radiated power is maximized and mutual coupling reduced. Operational bandwidths of these antennas are improved with grounding inductances. Similar reactive loading is used, e.g., in [26, 27] .
Slot Antennas on the Sides of the Phone
The antennas for higher frequencies are implemented as slot-type antennas on the sides of the phone. Figure 3 presents the basic principle of the slot antennas. The metal rim is grounded by connecting to the middle frame of the device. The slot is cut to the grounding metal, and also to the side rim. Slot antennas are applicable with very small clearance. The two branches (A and B) separated with a 1 mm cut in the metal rim are the main resonators of this design. The resonant frequencies can be tuned by changing the lengths of A and B. Basically, this means enlarging the clearance area (dashed area in Figure 3 ), so that the width and location of the slot with respect to the chassis remain the same.
For example, in the case of a Wi-Fi antenna, tuning the length A affects the 5 GHz band and length B the 2.4 GHz band. Generally, the longer one branch is, the lower its resonance frequency becomes. By adjusting the feed location, i.e., length C, the matching levels can be balanced.
PROPOSED ANTENNAS
Traditionally, mobile antennas are required to have −6 dB matching level. Nowadays, the design framework is more complex, as the clearances are smaller and industry sets strict constraints to the aesthetics. Thus, the same matching level is challenging to achieve [14, 15] . Therefore, we have focused on realizing moderate impedance matching at correct frequency bands, and maximizing the efficiencies, which are presented in Section 4. Next, the antenna structures are introduced in detail with impedance matching results.
Main Antenna
The LB and HB of the main antenna have been implemented as separate structures. Figure 4 shows the geometry of the LB antenna. The structure consists of two L-shaped parts in the side rim and parasitic coupler on the front face of the phone. The feed is connected to larger L-shaped element (Port 1), and aperture matching elements are connected with grounding inductances to Ports 2 and 3. The dimensions of the elements are optimized together with circuit elements to achieve the desired operation.
In order to get more freedom to design, HB antenna is implemented with a slot antenna as shown in Figure 5 . The metal rim around the phone is cut with 1 mm slot, and the rim is grounded to the middle frame from unnecessary areas from antenna point of view. This grounding also significantly improves the isolation between antennas.
Previously published designs use additional slots in the back cover [11] [12] [13] to improve the performance at remarkable way. Therefore, in this design maximizing efficiency has been the main design target, since the slotless cover makes achieving −6 dB matching level practically impossible. Figure 6 shows that the main antenna reaches mainly −3 dB matching level over both operational bands.
Diversity Antenna
The diversity antenna for MIMO communications is located at the opposite end of the phone other than the main antenna. This structure shown in Figure 7 has the same basic idea as the main LB antenna, but now both L-shaped elements are fed. With suitable matching circuits Port 4 covers HB while Port 5 operates the LB. The triangle at one end of the parasitic coupler connected to Port 6 is introduced to fine-tune the resonances and enhance the desired performance. The triangle makes the parasitic element behave longer electrically, which lowers the highest resonances from out-of-the-band frequencies to the correct range. Idea for this extension is based on [28] , in which trapezoidal feeds are used to achieve wider operational band. Figure 8 shows the matching levels of the diversity antenna. Compared to the main antenna, the impedance matching level is about 1 dB lower, because due to the structural non-symmetries (camera, USB, and ground clearance) the ends of the phone are different, and hence the volume available for the antennas is different. Moreover, in the diversity antenna, LB and HB are realized with the same structure, which further restricts the usable volume. The structural differences between the two ends do not allow the same separation of LB and HB to used also in the diversity antenna. Also the side parts of the L-shaped elements are longer in the main antenna, which partly explains the different performance. 
GPS and Wi-Fi Antennas
Nowadays mobile phones have to support GPS and Wi-Fi. Antennas for this are located on the long sides of the device, and are similar slot antennas as the main cellular HB antenna. Detailed dimensions of Wi-Fi 1 and GPS/Wi-Fi 2 antennas are shown in Figure 9 . Both of the antennas support Wi-Fi at 2.4 GHz and 5 GHz bands, and one of the two operates also on GPS band at 1.575 GHz as seen in Figure 10 . Figure 10 shows the matching levels of Wi-Fi and GPS antennas. In contrast to cellular antennas, these obtain at least −5 dB matching over the desired bands.
Antenna Isolation
Especially at the low band achieving good antenna isolation is difficult as the ground plane acts as the main radiator for two antennas. Figure 11 shows the simulated coupling at the cellular frequencies. Generally, the four antenna ports are well-isolated as the coupling levels are −15 dB or better. As expected, due to the common antenna structure, the largest coupling S 54 is between diversity LB and HB. Still, they are well-isolated as the mutual coupling is below −12 dB over the whole frequency bands. Figure 12 shows the couplings at the GPS and Wi-Fi frequencies. Clearly, the cellular antennas are well-isolated in these bands as the operational frequencies are different. Since the distance between Main HB and Wi-Fi 1 antennas is physically and electrically very small (see Figure 2 (b)), the coupling between the two antennas (S 87 ) in their shared operational band is larger than in other cases, peaking at −11 dB. Although the antenna isolations are generally already on very good levels, they could possibly be improved further by embedding metamaterial structures [29, 30] .
ANTENNA PERFORMANCE
The main target of this study is to achieve decent total efficiencies, at least 30%, in simulations for each individual antenna. In addition, MIMO and CA capabilities are analyzed with envelope correlation coefficient (ECC). To confirm the obtained simulation results, a prototype of the structure is manufactured and then measured. The middle frame (see Figure 1 ) and parts connected to it, including the grounded side antennas, are made of solid brass by milling. The back cover is made from aluminum. Top 0.8 mm of the middle frame is replaced with an FR-4 printed circuit board (PCB), on which the matching circuits are realized. Plastic ring is made of injection moldable plastic PREPERM R L335 [31] , whose dielectric constant is 3.35 and loss tangent 0.0005. The constructed prototype and measurement setup is shown in Figure 13 .
(a) (b) (c) Figure 13 . Constructed prototype (a) without and (b) with the PCB and front face elements. Drilled holes seen in (a) are used for attaching the back cover and PCB to the middle frame. (c) The measurement setup in Satimo StarGate with the used coordinate system.
Radiation Performance
Current transmitters tolerate a significant amount of impedance mismatch, and hence the antenna performance is mainly dominated by the radiation efficiency. Due to large amounts of metal in this structure, the matching levels of especially cellular antennas remain rather modest. Hereby the overall performance is analyzed by total antenna efficiency. Figure 14 shows simulated total efficiencies for all designed antennas, compared with measured results. For the main antenna, simulated total efficiencies are 30-40%, as shown in Figure 14 (a). Diversity antenna with slightly different design performs with 20-40% efficiency (Figure 14(b) ). These simulated results are in line with impedance matching results.
In recent publications, cellular antennas in metal-covered phones typically reach efficiencies over 40% [11] [12] [13] 19] . Although the simulated efficiencies are lower than those values, the target level of 30% for total efficiency is mainly achieved. However, our model is more realistic and has the slotless back cover, which is not seen in previous papers. Therefore, it is more convenient to compare our results with [14, 15] , which present solutions of similar realisticity.
Our measured efficiencies confirm the simulations very well. Moreover, LB of the main antenna is even better than in simulations, peaking at 50%. Main HB and diversity antennas are very similar with simulations with efficiencies ranging between 20-40%. A small frequency shift is observed as all bands appear at slightly higher frequencies in measurements than in simulations. In [14, 15] , generally the same measured efficiency levels are reached, but with tunable solutions.
Wi-Fi and GPS antennas perform very well in the simulations, as Figure 14 (c) shows. Both antennas reach at least 40% and up to 80% total efficiency. In measurements, we notice similar but stronger frequency shift to the higher frequencies as with cellular antennas. Especially Wi-Fi 2 antenna is shifted up at 2.4 GHz being completely out of the band. By adjusting component values, or including more circuit elements to the matching network, the resonance can be moved to the desired band without hurting the peak efficiencies. Generally, the measured GPS and Wi-Fi efficiencies are 40-60%, and are in the same range as in [13, 18] .
Measured and simulated normalized radiation patterns are shown in Figure 15 . Figure 15 (a) illustrates the orientation of the phone in each plane. In xz-and yx-planes, the metal cover is in the right side of the device. The measured patterns match the simulations very well. In most cases, the antennas radiate nicely in all directions, although some strong nulls are observed.
MIMO/CA Capability
To analyze the MIMO/CA performance of the designed antennas, Envelope Correlation Coefficients (ECC) [32] are calculated from far-field results for each MIMO antenna pair. Figure 16 shows simulated and measured ECCs in each case. The correlation in the high band and Wi-Fi frequencies is minimal. As can be expected, ECC is the highest at the low band. This is due to the coupling of antennas to the chassis. Similarly, the strongest correlation of HB and Wi-Fi antennas appears below 1 GHz, even though the antennas do not operate at that frequency range.
The correlations calculated from the measured fields are in good agreement with simulations, but at clearly better levels. Generally, ECC is required to be below 0.5 for the antennas to be suitable for MIMO and CA operations. The measured peak correlation of LB antennas is now 0.4, which satisfies the general requirement for MIMO. In HB and Wi-Fi bands, the correlations are even less, staying at below 0.2. Due to the fixed antenna structures and good ECC, the designed antennas can be used in CA applications as well. Table 2 presents a comparison between the proposed design and other previously published antenna systems for metal-covered handsets. This comparison highlights the fact that our design is the first MIMO-capable, complete antenna system for metal-covered handsets. Most of other designs do not have any MIMO, and many operate on fewer frequencies. Moreover, the LTE LB starts from 700 MHz in our design, which is not the case with many other systems. In addition, we achieve similar performance with fixed antenna and matching structure, while some require tunable solutions. 
State-of-the-Art Comparison

CONCLUSIONS
This paper presents a realistic metal-covered handset design with LTE, GPS, and Wi-Fi antennas including MIMO operation. The proposed structure is the first complete antenna system for fully metal-covered smartphone. In spite of the huge effect of a continuous metal cover, the acceptable efficiency performance is achieved without tunable circuit components. Especially, the design takes into account many essential components of the real device. Also, the design is capable of carrier aggregation in the cellular bands due to the fixed antenna and matching structures.
